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Abstract.-The s t r e s s -s t r a i n curves o f pseudoelastic a l l o y s a r e n o n -l i n e a r and temperature dependent. So a r e t h e force-displacement c h a r a c t e r i s t i c s o f he1 ical c o i l s p r i n g s o f these m a t e r i a l s.
For design purposes it i s necessary t o be able t o c a l c u l a t e t h e s p r i n g propert i e s as a f u n c t i o n o f s p r i n g dimensions. The n o n l i n e a r i t y o f t h e c h a r a c t e r i st i c s and t h e i r temperature dependence a r e compl i c a t i n g f a c t o r s .
Force-di splacement c h a r a c t e r i s t i c s were determined on he1 i c a l c o i l s p r i n g s o f a beta Cu-Zn-A1 a l l o y . Both s p r i n g geometry and temperature were considered as parameters. It 
was found t h a t i t i s p o s s i b l e t o p r e d i c t t h e c h a r a c t e r i s t i c s o f s p r i n g s w i t h d i f f e r e n t geometry once one set o f c h a r a c t e r i s t i c s i s determined
f o r one s p r i n g geometry a t d i f f e r e n t temperatures .
Use can be made o f t h e pseudoelastic and shape-memory behaviour o f t h e pseudoe l a s t i c s p r i n g s by b u i l d i n g them i n t o a s p r i n g system. D i f f e r e n t working p r i n c i p l e s o f p s e u d o e l a s t i c s p r i n g systems a r e presented.0ne can design t h e s p r i n g system i n such a way t h a t a desired response, such as f o r c e , d i s p l a c ement, a t given temperatures i s r e a l i z e d . s p r i n g w i r e diameter s p r i n g index number o f a c t i v e windings w i n d i n g a n g l e determined s p r i n g diameter o u t s i d e s p r i n g diameter i n s i d e s p r i n g diameter t o t a l number o f windings s p r i n g end c o r r e c t i o n f a c t o r depends on t y p e o f s p r i n g ends p i t c h A c l a s s i c a l a n a l y s i s o f a l i n e a r e l a s t i c spring, i n which t h e s p r i n g w i r e i s considered as a s t r a i g h t w i r e i n pure t o r s i o n , w i t h M t o r s i o n moment on s p r i n g w i r e F compression f o r c e working on s p r i n g T shear s t r e s s on s p r i n g w i r e s u r f a c e g i v e s ~=~~/ 2 = ( 1 r d~/ 1 6 )~ hence ~= ( a d ? / ( 8 c ) )T and w i t h B t o r s i o n angle o f s p r i n g w i r e per u n i t w i r e l e n g t h A L* s p r i n g displacement p e r u n i t w i r e l e n g t h
AL
s p r i n g displacement Y shear s t r a i n on s p r i n g w i r e surface Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19824135 t h i s gives AL*=pD/2 Y =gd/2 A~= r n d c ? y and w i t h G e l a s t i c shear modulus ~= F / A L e l a s t i c s p r i n g constant t h i s becomes k=Gd/(8nc ) I n t h i s t y p e of a n a l y s i s , o n l y t h e geometrical parameters d, n and c and t h e m a t e r i a l parameter G determine t h e s p r i n g c a r a c t e r i s t i c s f o r a g i v e n l i n e a r e l a s t i c m a t e r i a l .
However, t h e l o a d i n g on a s p r i n g w i r e i s not pure t o r s i o n . The m s t i m p o r t a n t d e v i a t i o n s are caused by t h e c u r v a t u r e o f t h e w i r e (shear deformation i s h i g h e r a t t h e i n s i d e surface o f a curved w i r e than a t t h e c u t s i d e ) and by t r a n s v e r s e f o r c e on t h e wire. Both cause t h e shear s t r e s s on t h e i n s i d e s u r f a c e o f t h e s p r i n g w i r e t o be h i g h e r t h a n t h e one c a l c u l a t e d w i t h t h e pure t o r s i o n a n a l y s i s . I n t h i s case, w i t h
T I
shear s t r e s s a t t h e i n s i d e surface o f t h e s p r i n g w i r e The f i r s t term o f K g i v e s t h e i n f l u e n c e o f t h e s p r i n g w i r e curvature, t h e second t h e i n f l u e n c e o f t r a n s v e r s e f o r c e . Since T ' / y ' = T/Y =G t h e n Y '=Ky I n t h e p r e v i o u s l y given formulae, t h e winding angle o f t h e s p r i n g i s neglected. Since t h e w i n d i n g angle i s not zero, a bending moment and a normal s t r e s s a c t on t h e s p r i n g w i r e , and t h e maximum shear s t r e s s i n t h e w i r e i s i n f l u e n c e d . The wind i n g angle a l s o has an i n f l u e n c e on t h e s p r i n g d e f l e c t i o n AL. F u r t h e r on, t h e i n f l u e n c e o f t h e w i n d i n g angle w i l l be neglected, p r i m a r i l y because i t s i n f l u e n c e i s small f o r small angles, but also, because i t s value i s a f u n c t i o n o f s p r i n g d e f l e ct i o n , not t o c o m p l i c a t e t h e a n a l y s i s unnecessarily.
Spring formulae f o r n o n -l i n e a r pseudoelastic springs. -For p s e u d o e l a s t i c m a t e r i a l , t h e shear s t r a i n i s a n o n -l i n e a r f u n c t i o n h of shear s t r a i n and temperature, T, T =h( Y,T) For pseudoel a s t i c s p r i n g s a non-1 i n e a r f u n c t i o n j r e l a t e s force, d e f l e c t i o n and temperature F=j(AL,T) One can measure such a set o f c h a r a c t e r i s t i c s f o r one spring. Frcm these, one can c a l cu 1 a t e T I = i ( yl,T) u s i n g t h e formulae g i v e n f o r l i n e a r e l a s t i c springs. For l i n e a r e l a s t i c springs, from t h e r e l a t i o n r '=G y ' t h e l o a d -d e f l e c t i o n curves o f s p r i n g s w i t h chosen dimensions can be determined. I f t h i s r e l a t i o n i s not known, one can measure t h e s p r i n g constant k o f one s p r i n g and c a l c u l a t e 6 . So t h e measurement o f s p r i n g p r o p e r t i e s of one s p r i n g i s s u f f i c i e n t t o c a l c u l a t e o t h e r s p r i n g s o f t h e same l i n e a r e l a s t i c m a t e r i a l . A s e r i e s of e x p e r iments were performed t o check i f t h e c h a r a c t e r i s t i c s o f o t h e r s p r i n g s o f t h e same pseudoel a s t i c m a t e r i a l could a1 so be c a l c u l a t e d f r a n t h e c h a r a c t e r i s t i c s of one s p r i n g , expressed as
T ' = i ( y ,T) M a t e r i a l and ex e r i m e n t a l rocedures. -Springs were made of Cu-Zn-A1 a l l o y wire, diameter d=4mm,Pwlth compogition lU.16 wt.% Cu, 25.59 wt.% Zn and 4.21 wt.% Al, and Ms=4Fj°C. A f t e r a s u i t a b l e heat treatment, 30 b e t a g r a i n s p e r c r o s s s e c t i o n of s p r i n g w i r e were found. The s p r i n g s were compression s p r i n g s w i t h f l a t , closed ends. F o r t h i s type o f s p r i n g ends, t h e s p r i n g end c o r r e c t i o n f a c t o r e=2 i s g i v e n by Wahl
[11. However, t h e value o f e was considered unknown i n t h i s s e r i e s of experiments and had t o be determined. So springs w i t h N= 5, 7, 9, and 1 2 were tested. Also s p r i n g s w i t h s p r i n g indexes c= 3, 5, 7, and 9 were t e s t e d . Since t h e p i t c h was constant p= 10 mm, t h e winding angles were a= 14.9', 9.0°, 6.5' and 5.1' r e s p e c t ively. For a l l springs, t h e i n f l u e n c e o f winding angle was neglected. Spring compress i o n experiments were performed i n a t h e r m o s t a t i c furnace on an I n s t r o n 1196 t e n s i l e t e s t i n g machine a t lhrnlmin.. Tests were done a t constant temperature a f t e r a t l e a s t 30 min. h o l d i n g t i m e a t t h e t e s t temperature. Determination o f s p r i n g end c o r r e c t i o n e=N-n. -Springs w i t h c=5 and d=4 mm, ht w i t h d i f f e r e n t number o f windings N= 5, 7, 9 and 12, were t e s t e d a t 80°C. F o r t h e l i n e a r e l a s t i c p o r t i o n of t h e l o a d i n g curves a l i n e a r r e l a t i o n i s expected between l / k and n, according t o k=Gd/ ( 8nc3) Since n = L e and so k = k I / ( 8 (~-e ) c~) t h e i n t e r s e c t i o n o f t h e l i n e w i t h t h e N-axis determines e, f i g . 1. This g i v e s e=1.31 f o r t h e type o f s p r i n g ends used. I n f l u e n c e o f number o f windings N. -Springs w i t h d i f f e r e n t number o f windings N= 5, 7, 9 and 12, b u t w i t h constant c=5 and d=4 mm were t e s t e d a t 80°C. The f i r s t l o a d i n g curves, converted t o T I -y f curves, are given i n f i g . 3. The s p r i n g w i t h N=7 (marked w i t h *) has undergone a s l i g h t l y d i f f e r e n t heat treatment from t h e o t h e r ones, which e x p l a i n s i t s h i g h e r l y i n g curve. One sees t h a t t h e r I -Y ' curves f o r t h e o t h e r s p r i n g s a r e t h e same w i t h i n an e r r o r band o f t h e same magnitude as determined i n t h e r e p r o d u c i b i l i t y t e s t .
I n f l u e n c e o f s p r i n g index c. -Springs w i t h d i f f e r e n t s p r i n g index c= 3, 5, 7 and 9, b u t w i t h constant N= / and d= 4mm, were t e s t e d a t 80°C. The f i r s t l o a d i n g curves, converted t o T'-y ' curves, a r e g i v e n i n f i g . 4. The two s p r i n g s w i t h c=5 (marked w i t h * and **) have b o t h undergone s l i g t h l y d i f f e r e n t heat treatments f r a n t h e o t h e r ones and from each o t h e r , which e x p l a i n s t h e i r h i g h e r and l o w e r l y i n g curves. Again, t h e T ' -y ' curves f o r t h e o t h e r springs are t h e same w i t h i n a small e r r o r band.
I n f l u e n c e o f temperature T. ( f i r s t l o a d i n g ) curves of pseudoelastic s p r i n g s w i t h c=5, pseudoelastic s p r i n g s w i t h N=7, d=4mn and N=5, 7, 9, and 12 t e s t e d d = h and c=3, 5, 7, and 9 t e s t e d a t 80°C. a t 80°C. 
-Springs w i t h c=5, N=7 and d=4mm weye t e s t e d a t d i t f e r e n t temperatures. The f i r s t l o a d i n q curves, converted t o T ' -Y curves, a r e g i v e n i n fig. 5. These curves a r e s i m i f a r t o s t ? e s s -s t r a i n curves f o r u n i a x i a l l y loaded pseudoel a s t i c m a t e r i a1 . The s t r e s s T f o r pseudoelastic deformation increases w i t h temperature, and t h e shear m d u l u s G i n t h e l i n e a r e l a s t i c r e g i o n increases w i t h temperature f o r t h e t e s t e d temperatures.

-The experimental r e s u l t s show t h a t a s i n g l e T'-Y ' l o a d i n g curve can be used t o d e f i n e t h e pseudoelastic m a t e r i a l s p r i n g behaviour and t o c a l c u l a t e t h e s p r i n g c h a r a c t e r i s t i c s of pseudoelastic springs w i t h d i f f e r e n t number o f windings N and s p r i n g index c a t one temperature. The c l a s s i c a l formulae f o r l i n e a r e l a s t i c s p r i n g s a r e used t o c a l c u l a t e t h i s curve and t h e c h a r a c t e r i s t i c s o f d i f f e r e n t springs. It i s reasonnable t o assume t h a t t h i s w i l l a l s o be t h e case a t o t h e r temperatures. I n t h i s case, t h e , p s e u $ o e l a s t i c s p r i n g behaviour can be described by a set o f c h a r a c t e r i s t i c s
r -Y f o r d i f f e r e n t temperatures, from which s p r i n g behaviour nay be c a l c u l a t e d . However, i n case d e v i a t i o n s should occur, they are expected a t lower temperatures c l o s e t o t h e t r a n s f o r m a t i o n temperature o f t h e a l l o y , o r a t g r e a t e r pseudoelastic deformations.
The experiments d i d not i n c l u d e a t e s t t o check t h e i n f l u e n c e of d. However, as l o n g as one takes comparable wire, t h e e f f e c t o f d w i l l be as i s described by t h e e l a s t i c formulae since d does not change t h e s t r e s s o r s t r a i n d i s t r i b u t i o n i n t h e s p r i n g w i r e b u t serves merely as a s c a l i n g f a c t o r .
A t t e n t i o n i s drawn t o t h e f a c t t h a t t h e T '-Y' curves a r e t r u e shear s t r e s st r u e shear s t r a i n curves o n l y f o r l i n e a r e l a s t i c m a t e r i a l . I n p a r t i c u l a r , r' i s not equal t o t h e maximum t r u e shear s t r e s s i n a pseudoelastic s p r i n g i n t h e pseudoelastic region. The maximum t r u e shear s t r e s s w i l l be lower. The
curves f o r p s e u d o e l a s t i c s p r i n g s a r e o n l y a mathematical c o n s t r u c t i o n i n c a l c u l a t i n g pseudoelastic s p r i n g c h a r a c t e r i s t i c s f o r springs w i t h d i f f e r e n t geometry.
I n Schetky and Sims 121 a design chart f o r SME s p r i n g s i s shown, and i n Michael and H a r t r31 formulae f o r u s i n g t h i s c h a r t a r e given. This design c h a r t uses a s e t o f c h a r a c t e r i s t i c s T =m(y ,T) and i s based on t h e c l a s s i c a l a n a l y s i s o f a l i n e a r e l a s t i c s p r i n g , i n which t h e s p r i n g w i r e i s considered as a s t r a i g h t w i r e i n pure t o r s i o n . The c u r v a t u r e o f t h e w i r e o r t h e t r a n s v e r s e f o r c e a r e not t a k e n i n t o account.
No experimental evidence on t h e v a l i d i t y o f t h e use o f t h i s design c h a r t i s given. We expect d e v i a t i o n s when p r o p e r t i e s o f springs w i t h d i f f e r e n t s p r i n g index c must be predicted. This d e v i a t i o n s w i l l be l a r g e s t i n c a l c u l a t i n g springs w i t h small c from c h a r a c t e r i s t i c s determined on s p r i n g s w i t h g r e a t c, o r v i c e versa. The basic reason f o r t h i s i s t h a t t h e s p r i n g index c has an i n f l u e n c e on t h e s t r e s s and s t r a i n d i s t r i b u t i o n i n t h e s p r i n g w i r e . I n t h i s design c h a r t , t h e T -Y curves a r e not t r u e shear s t r e s s -t r u e shear s t r a i n curves, even n o t f o r a l i n e a r e l a s t i c spring.
On t h e u s e o f p s e u d o e l a s t i c s p r i n g s i n s p r i n g systems.-Consider t h e case i n which a pseudoelastic and a ( l i n e a r ) e l a s t i c compression s p r i n g are placed i n p a r a l l e l , f i g . 6. The displacements of both springs a r e opposite. If no e x t e r n a l forces are present, t h e compression force on b o t h springs i s equal. The p o i n t s of e q u i l i b r i u m o f t h e system can be drawn i n t h e F-AL diagram o f t h e pseudoelastic spring. It i s a s t r a i g h t l i n e w i t h n e g a t i v e slope which i s determined by t h e s p r i n g constant o f t h e e l a s t i c s p r i n g . I n general, t h e displacement o f p o i n t A, f i g . 6, w i l l he l i m i t e d by B and C. Only a l i m i t e d p o r t i o n o f t h e working l i n e w i l l then be used. A t h i g h temperatures, t h e system w i l l t a k e p o s i t i o n C. A t l o w temperatures, i t w i l l take p o s i t i o n B. At working temperature, i t w i l l take a p o s i t i o n i n t h e w o r k i n g segment BC. So t h e p o s i t i o n o f A i s temperature dependent. This can be used f o r temperature d e t e c t i o n , regu 1 a t ion, thermal a c t u a t i o n , etc. .
The working temperature can be changed i n t h r e e d i f f e r e n t ways. The f i r s t way i s t o d i s p l a c e t h e working segment RC r e l a t i v e l y t o t h e s p r i n g system, f i g . 7.
Moving RC so as t o f u r t h e r c m p r e s s t h e pseudoelastic s p r i n g decreases t h e working temperature. Moving i t t o l e s s compression of t h e same s p r i n g increases t h e w o r k i n g temperature. The mvement of BC changes both working f o r c e and worki ng d i spl acement o f t h e pseudoelastic spring. By moving BC t h e working temperature of t h e system can be chosen. This method of i n f l u e n c i n g t h e working temperature i s also g i v e n i n Michael and Hart r31, where i t i s c a l l e d t h e " v a r i a b l e datum c o n t r o l system". The second way i s t o than-e t h e r e s t r a i n o f t h e e l a s t i c s p r i n , f i g . 8. his i s done b y movinq E r e l a t i v e l y t : t h e r \ s t o t t h e system. Movinq t 5 t h a t t h e e l a s t i c s p r i n q i s f u r t h e r compressed increases t h e working temperature. Moving E i n t h e o t h e r sense gives t h e opposite r e s u l t . Moving E changes t h e working f o r c e o f t h e pseudoelastic spring, and t h e working temperature of t h e system. This way t o choose t h e working temperature i s a l s o g i v e n by Schetky and Sims [2] and Michael and H a r t 131, and t h e y c a l l i t t h e " v a r i a b l e pre-load c o n t r o l system". The t h i r d way i s t o chan e t h e + p r e s t r a i n of t h e pseudoelastic s p r i n g by moving D r e l a t i v e l y t o t h e r e s t of t e system, f i g . 9. Moving D so as t o f u r t h e r c m p r e s s t h e pseudoelastic spring decreases t h e working temperature. Moving D t h e o t h e r way gives an increase i n working temperature. Movement o f D changes t h e working d i s p l acement of t h e pseudoelastic s p r i n g and t h e working temperature o f t h e system. fig.6 , s p r i n g system by moving D, fig.6 , so changing p r e s t r a i n o f e l a s t i c so changing p r e s t r a i n o f pseudospring. e l a s t i c spring.
I n d e s i g n i n g a s p r i n g system, i t may be h e l p f u l 1 not t o draw working l i n e s i n a s e t o f F=~(AL,T) c h a r a c t e r i s t i c s but i n t h e T ' = i ( ul,T) set, s i n c e these do not change w i t h p s e u d o e l a s t i c s p r i n g dimensions. An analogous procedure was suggested by Michael and Hart 133 u s i n g t h e T =m( Y ,T) s e t o f c h a r a c t e r i s t i c s . O f course, use o f t h e l o a d i n g curve form o f t h e c h a r a c t e r i s t i c s w i l l o n l y r e s u l t i n a primary design o f a s p r i n g system. It gives no i n f o r m a t i o n on t h e h y s t e r e s i s of t h e designed system, due t o h y s t e r e s i s i n pseudoelastic s p r i n g behaviour.
